Abstract Recently discovered hydrothermal vents of the East Scotia Ridge (ESR) in the Southern Ocean host unique faunal communities that depend on microbial chemosynthetic primary production. These highly abundant invertebrates gain energy from either grazing on free-living microbes or via hosting symbiotic chemoautotrophic microorganisms. The main objective of this study was to characterise microbes associated with a newly discovered species of hydrothermal vent gastropod and therefore increase knowledge of ecosystem functioning in this largely unknown Antarctic hydrothermal vent system. We investigated the phylogenetic composition of bacteria associated with the gills and oesophageal gland of the ESR peltospirid gastropod, Gigantopelta chessoia by molecular cloning and terminal restriction fragment length polymorphism (T-RFLP). 16S rRNA gene clone libraries revealed host tissue-specific combinations of bacteria. The oesophageal gland contained one Gammaproteobacteria OTU whereas a more diverse community of Gamma, Epsilon and Deltaproteobacteria was isolated from the gills. T-RFLP analysis revealed that juvenile bacterial communities were more closely related to adult gill-associated bacterial communities than oesophageal gland bacteria. Oesophageal gland Gammaproteobacteria exhibited a higher sequence similarity with sulphur-oxidising bacteria isolated from cold seep sediments and with thioautotrophic endosymbionts than with bacteria found in the surrounding water column, suggesting that these endosymbionts were not acquired directly from the water column. Juvenile G. chessoia were located within the mantle cavity of adults and we speculate that Gammaproteobacterial endosymbionts in the oesophageal gland could be transmitted horizontally from adults to juveniles via the gills due to the close contact of juveniles with adults' gills.
Introduction
Deep-sea hydrothermal vent ecosystems are hotspots of biological productivity, hosting unique animal communities dependent on energy derivation from the oxidation of reduced compounds (e.g. sulphide, hydrogen and methane) by chemoautotrophic microbes, often in symbiosis (Cavanaugh et al. 1981; Dubilier et al. 2008) . Recently discovered East Scotia Ridge (ESR) hydrothermal vents represent an independent vent biogeographic province ) that is dominated by endemic species like the yeti crab Kiwa tyleri Thatje 2015 (Thatje et al. 2015) , the stalked barnacle Vulcanolepas scotiaensis Buckeridge & Linse 2013 (Buckeridge et al. 2013) , sea spiders of the Sericosura spp. (Arango and Linse 2015) , a lepetodrilus limpet and the peltospirid gastropod Gigantopelta chessoia Chen et al. 2015c) .
Endobionts in hydrothermal vent gastropods were first discovered in 1988 in the Western Pacific with abundant sulphur oxidation enzymes co-located with bacteria in specialised gill cells suggesting chemoautotrophy and symbiosis (Stein et al. 1988) . Since this early study, a number of hydrothermal vent gastropod species have been found to contain bacterial endobionts in their gills, with some species containing only Gamma or Epsilonproteobacteria (Suzuki et al. 2005 ) whilst others contain both (Suzuki et al. 2006) .
Research into gastropod endobionts has focused on phylogenetic analyses of bacteria located within the gills; however, one study identified an abundance of Gammaproteobacteria from one OTU contained within the oesophageal gland of the large-sized peltospirid 'scaly-foot gastropod' Chrysomallon squamiferum (Chen et al. 2015c ) from the Central Indian Ridge (Goffredi et al. 2004; Chen et al. 2015b ). In C. squamiferum the oesophageal gland is extremely enlarged (10-1000 times larger than other gastropods; Warén et al. 2003 ) and highly vascularised. The animal also has a hypertrophied circulatory system that is a possible adaptation to supply the host and its symbiotic bacteria with oxygen and sulphur (Chen et al. 2015a, b) . The genome of this Gammaproteobacterial endosymbiont has since been sequenced revealing very low genetic diversity, likely driven by high host selectivity during horizontal transmission (Nakagawa et al. 2014) . Recently, a new genus of large-sized peltospirid gastropod, Gigantopelta, has been discovered from vents on the ESR and the South West Indian Ridge. They also have enlarged oesophageal glands, a characteristic hinting that these species may also host associated symbiotic bacteria (Chen et al. 2015c) .
This study investigated the presence and phylogenetic composition of bacteria found in the gills and oesophageal gland of the ESR peltospirid gastropod, G. chessoia (Chen et al. 2015c) , by molecular cloning and terminal restriction fragment length polymorphism (T-RFLP) of 16S rRNA genes.
Materials and methods

Sample collection
Samples were collected from active sites in the E2 hydrothermal vent field on the ESR in the Southern Ocean (Fig. 1) during the Chemosynthetic Ecosystems of the Southern Ocean (ChEsSO) cruise JC80 in December 2012. Gigantopelta chessoia (Chen et al. 2015c) were collected using the remotely operated vehicle (ROV) Isis deployed from RRS James Cook. Whole adult gastropods were fixed in 96% ethanol within 4 h of collection and subsequently photographed. Gills and oesophageal glands were dissected from 12 adult G. chessoia ([40 mm shell length) using sterile techniques and frozen at -80°C within 12 h of collection. Three juvenile gastropods (5-6 mm shell length) were also collected from within the mantle cavity of adult snails from the same site and frozen whole at -80°C.
DNA isolation and amplification for cloning
DNA was isolated from between 10 and 20 mg of tissue from the gills and oesophageal gland of one host snail using the DNeasy blood and tissue kit (Qiagen) according to the manufacturer's recommendations. Duplicate extractions were performed and the concentration and quality of extracted DNA was measured using a NanoDrop 2000 spectrophotometer, with yields of 131-451 ng lL -1 . 16S rRNA genes were amplified by PCR using the forward primer 27F (5 0 -AGA GTT TGA TCC TGG CTC AG-3 0 ; Lane 1991) and the reverse primer 1492R (5 0 -GGY TAC CTT GTT ACG ACT T-3 0 ; Lane 1991). Final reaction volumes of 25 lL contained 0.3 lM of each primer, 100-200 ng template DNA, 19 Maxima buffer, 1.25 U Maxima Hot Start Taq DNA polymerase, 2 mM MgCl 2 and 0.2 mM of each dNTP (all reagents from Thermo Fisher Scientific Inc.). PCR conditions were an initial denature of 4 min at 95°C followed by 30 cycles of 30 s at 95°C, 1 min 30 s at 55°C and 1 min at 72°C with a final extension period of 7 min at 72°C.
16S rRNA gene cloning
16S rRNA genes isolated and amplified from the gills and oesophageal gland were cloned and transformed into TOP10 competent Escherichia coli cells using the TOPO TA cloning kit (Thermo Fisher Scientific Inc.) according to the manufacturer's recommendations. Clones were grown on LB agar plates containing 50 lg mL -1 kanamycin and 60 lg mL -1 X-Gal for 18 h at 37°C. Colonies were picked and grown in liquid LB medium containing kanamycin for 18 h at 37°C. Transformed E. coli were centrifugally separated and washed from media before being lysed by incubation for 10 min at 95°C. Cloned inserts were amplified using M13f and M13r primers and the Thermo Maxima Hot Start kit as described above (Thermo Fisher Scientific Inc.). PCR conditions were an initial denature for 4 min at 95°C followed by 25 cycles of 30 s at 95°C, 30 s at 55°C and 1 min 30 s at 72°C followed by a final extension of 7 min at 72°C.
Inserted 16S rRNA genes from 29 clones from the oesophageal gland and 46 clones from the gills were sequenced bidirectionally using Sanger sequencing (LGC Genomics, Berlin, Germany), curated and manually edited using MEGA version 6 (Tamura et al. 2013 ). The 16S rRNA gene sequence data reported here are available in the DDBJ/EMBL/GenBank databases under the accession numbers KU942528-KU942604. The mean final contig length was 970 base pairs. Maximum likelihood phylogenetic trees were constructed and tested with 1000 bootstrap replications in MEGA version 6 (Tamura et al. 2013) . Cloned sequences were classified using Ribosomal Database Project (RDP) Classifier (Wang et al. 2007 ) and a bootstrap confidence estimate of 80% was used as the threshold for classification. Shannon and Simpson diversity indices were calculated along with rarefaction analyses and Good's coverage estimator using mothur version 1.38.1 (Schloss et al. 2009 ). 16S rRNA gene sequences cloned in this study were compared with 16S rRNA gene sequences obtained from water samples and associated with K. tyleri from the same hydrothermal vent site (Zwirglmaier et al. 2015) .
Terminal restriction fragment length polymorphism (T-RFLP)
Variability in community composition of bacteria in the gills and oesophageal glands of the 15 individuals was assessed using T-RFLP. Total DNA from individual gill and oesophageal gland tissues of 12 adults and from the total tissues of three juveniles was extracted and purified using the Qiagen DNeasy kit as above. Due to low DNA concentrations obtained from the three juveniles, these DNA extracts were pooled into 1 sample for subsequent amplification. 16S rRNA genes were amplified from all 24 adult tissue DNA extracts and the 3 whole juvenile DNA extracts using a FAM-labelled 27F forward primer and an unlabelled 907R reverse primer (5 0 -CCG TCA ATT CMT TTR AGT TT-3 0 ; Lane 1991). Reaction volumes and composition were as described above with duplicate amplifications performed. PCR conditions were an initial denature of 4 min at 95°C followed by 30 cycles of 30 s at 95°C, 1 min at 55°C and 30 s at 72°C with a final extension period of 7 min at 72°C.
The restriction enzyme CfoI was selected using REPK (Collins and Rocap 2007). Amplified 16S rDNA was digested using the CfoI restriction enzyme (Promega, Madison, WI, USA) for 3 h at 37°C followed by a final denaturation period of 15 min at 65°C according to the manufacturer's recommendations. Fragment length analysis by capillary electrophoresis was performed by Eurofins MWG (Operon, Ebersberg, Germany) and fragments were sized using the ROX1000 size standard and peak scanner software (Thermo Fisher Scientific Inc.). Fragment lengths were binned into 1 bp size groups and fragments constituting less than 1% of the total fluorescence in all samples were removed. Shannon diversity indices were calculated using the proportion of different fragments in each sample and the mean of the diversity indices was compared for fragments obtained from oesophageal gland and gill-associated bacteria. Correspondence analysis was also performed to compare all samples, gill bacteria and oesophageal gland bacteria, using R (R Core Team 2013). 
Results
Adult G. chessoia (Chen et al. 2015c ) were found to reach up to 50 mm in shell diameter (Fig. 2) . Juvenile G. chessoia between 5 and 6 mm in shell diameter were found within the mantle cavity of some adult snails, close to the adults' gills, during dissection. The majority of 16S rRNA clone sequences obtained from the gills and oesophageal gland were Gammaproteobacteria. Bacterial 16S rRNA gene clones from oesophageal gland DNA formed a single OTU of unclassified Gammaproteobacteria (Online Resource 1) which clustered with bacteria isolated from sediments at a methane seep (98% sequence similarity in BLASTn) and thioautotrophic symbionts isolated from bivalve gills, tubeworms and the 'scaly-foot' gastropod C. squamiferum (96, 94 and 93% similarity, respectively; Fig. 3a) . 16S rRNA gene clone sequences from this Gammaproteobacterial OTU exhibited only a maximum of 92% similarity to clones from water samples obtained at the same E2 vent site. The same OTU dominated the gill DNA clone library (73% of clones; Fig. 3a) ; however a greater bacterial diversity was associated with gill tissue, including Epsilonproteobacteria (25% of clones). All Epsilonproteobacteria cloned sequences were in the order Campylobacterales and two clones in the Sulfurovum genus (A19-40 and A19-47) clustered with epibionts of the ESR yeti crab K. tyleri and bacteria cloned from water samples ([95% sequence similarity), both collected from the E2 vent field ( Fig. 3b ; Online Resource 1). A Deltaproteobacterial clone in the order Desulfobacterales which clustered with symbionts of the gutless worm Olavius algarvensis and bacteria associated with the tubeworm Ridgeia piscesae was also isolated from the gills ( Fig. 3c ; Online Resource 1).
Shannon (H) and Simpson (D) diversity indices were 0 and 1, respectively for the oesophageal gland clone library at all sequence similarities calculated from 80 to 99%. This lack of diversity is as expected due to only 1 OTU present. In contrast, a higher diversity was found in the gill clone library with Shannon diversity indices of between 0.9 and 1.0 for sequence similarities between 90 and 99% and Simpson diversity indices of 0.5 for sequence similarities over 90% (Fig. 4) . As only one OTU was sequenced from the oesophageal gland clone library, rarefaction analysis indicated that all diversity was captured in the 29 clones sequenced (Fig. 5) . In contrast the gradient of a rarefaction curve for the gill clone library decreased with increasing number of clones sampled, although the curve remained non-linear at the sampling of 48 clones, indicating that this clone library did not capture the full diversity of 16S rRNA sequences in the gill. The Good's coverage estimator for gill-associated bacterial OTUs is 0.95 for sequence similarities of 97% and 0.94 for sequence similarities of 99%, indicating that the gill clone library captured 94 or 95% of the OTUs defined at 97 or 99% similarity. As shown in the rarefaction analysis, Good's coverage of the oesophageal gland clone library showed that all of the diversity was captured by the clone library with a value of 1.0 for OTUs defined at a 99% sequence similarity.
Bacterial community composition varied more between individual host snail gills than between host oesophageal glands as shown by correspondence analysis of T-RFLP data (Fig. 6a) . The bacterial community of juvenile host snails was more closely related to the community associated with adult G. chessoia gills than with adult oesophageal glands (Fig. 6a) and was more closely related to Gammaproteobacteria clones than Epsilonproteobacteria clones isolated from adult gills (Fig. 6b) . Higher diversities of terminal restriction fragments (TRFs) were obtained from gill-associated bacteria (mean H = 1.9, standard error of the mean = 0.1) compared to oesophageal gland-associated bacteria (mean H = 1.5, standard error of the mean = 0.1). Diversity of bacterial TRFs obtained from the pooled sample of juvenile snails is higher (H = 2.3) Fig. 2 Photograph of an adult Gigantopelta chessoia. The operculum (op), foot (fo) and mantle (ma) are labelled c Fig. 3 Maximum Likelihood phylogenetic tree of cloned 16S rRNA gene partial sequences of Gamma (a), Epsilon (b) and Deltaproteobacteria (c) isolated from the gills (clones A19-1 to A19-48) and oesophageal gland (clones A19-49 to A19-77) of Gigantopelta chessoia. Clone sequences isolated from samples in the water column at E2 and from Kiwa tyleri (Thatje et al. 2015) also at the E2 vent site (Zwirglmaier et al. 2015) are included in addition to similar sequences from GenBank identified by BLASTn. Accession numbers are shown for all sequences. Scale bars represent the average number of nucleotide changes per site. Numbers represent bootstrap values based on 1000 permutations. Classification to the order is shown where possible than diversities calculated from both of the adult tissueassociated bacterial TRFs.
Discussion
Since the discovery of chemoautotrophy in hydrothermal vent bacteria, a variety of metabolic pathways have been identified to convert inorganic carbon (C 1 compounds) into organic carbon (C 3 compounds) (Campbell and Cary 2004; Cavanaugh et al. 2006) . Campbell et al. (2003) discovered citrate lyase genes in the epibionts of polychaete worms (Alvinellidae), indicating that carbon is chemoautotrophically fixed via the reductive tricarboxylic acid (rTCA) cycle in these Epsilonproteobacteria (Campbell and Cary 2004) and changing the previous theory that all carbon fixation by chemoautotrophs occurs via the Calvin-Benson cycle (Felbeck et al. 1981) .
Gammaproteobacteria and Epsilonproteobacteria endosymbionts have been found to co-occur in hydrothermal vent gastropods (Alviniconcha) which fix carbon via the Calvin-Benson cycle and rTCA cycle, respectively (Stein et al. 1988) . However, studies of stable isotope ratios in foot tissue from G. chessoia indicate that carbon is fixed primarily via the Calvin-Benson cycle using RuBisCO Form 1 (Reid et al. 2013) . This is consistent with the dominance of Gammaproteobacteria in both the gills and the oesophageal gland clone library results presented here. These data indicate a symbiotic relationship between the gastropod and its hosted bacteria with the dominant chemoautotrophic Gammaproteobacteria providing energy for their host.
Juvenile G. chessoia-associated bacterial community composition exhibited greater similarity to communities associated with adult host gills and was more similar to gill Gammaproteobacteria than adult oesophageal gland bacterial communities and adult gill Epsilonproteobacteria; however, it is important to note that only three juvenile snails were obtained and these were pooled into one sample. These initial data suggest that Gammaproteobacteria associated with the gills are transmitted vertically or acquired in early life whereas Epsilon and Deltaproteobacteria in the gills and Gammaproteobacteria in the oesophageal gland are acquired horizontally from the environment in later life although further analyses with a larger dataset would be required to confirm this. Due to the Correspondence analysis of 16S rDNA fragment data from T-RFLP of (a) all snail gills and glands in addition to a pooled sample of three whole juvenile snails and (b) selected Gamma and Epsilonproteobacteria clones from snail gills compared to the T-RFLP signature of three combined juvenile snails location of juveniles within the mantle cavity and proximity to the gills of the adults, it is possible that juveniles acquire the Gammaproteobacteria from the adult gills in early life and transfer them via their gills to the oesophageal gland.
The gills are in direct contact with the surrounding hydrothermal fluid and free-living bacteria whereas the oesophageal gland is entirely filled by bacteriocytes and has virtually no direct contact with the external environment therefore Gammaproteobacterial endosymbionts located there must be fully supported by the host (Chen et al. 2017) . The presence of only one Gammaproteobacterial OTU in the oesophageal gland highlights the selectivity of this specialised, isolated environment over its associated bacteria in this individual gastropod. As the gill and oesophageal gland share a single dominant OTU, there could be transfer of bacteria between the two tissues, although this would require further life-history evidence to confirm. The Gammaproteobacteria may live as ectobionts on the gill (before being internalised in the oesophageal gland), enabling them to be ingested by juveniles. The low similarity of oesophageal gland Gammaproteobacteria endosymbionts to free-living bacteria in the surrounding hydrothermal water suggests that these symbionts may not be acquired directly from the environment every host generation. However, it cannot be ruled out that these Gammaproteobacteria exist in very low concentrations in the water column, and were therefore not detected previously . If this was the case, there would need to be a high specificity for selection in the gill tissue.
This study is the first characterisation of bacterial communities in the gills and oesophageal gland of the recently discovered G. chessoia and provides suggestions into the intergenerational transmission of symbionts between host individuals.
